Abstract Mechanical forces trigger biological responses in bone cells that ultimately control osteoblastogenesis and bone program.
Introduction
Bone is a dynamic tissue that is renewed through the balanced processes of resorption and formation in response to the mechanical forces that it experiences. If loading on bone increases, the bone will remodel itself by becoming stronger in order to resist to the increased load forced upon it [1] . On the contrary, in cases of decreased loading, there is no stimulus for remodeling and bone becomes weaker. Therefore, tight control of bone resorption and formation is required for a healthy skeleton, whereas loss of this coupling results in serious skeletal pathologies.
Mechanoregulation of bone involves a complex interconnection between the mechanical stimulus applied, the specific response of the mechanosensing bone cells and ultimately the cascade of molecular events that follow [2] . Upon a mechanical cue, bone cells respond to this extracellular stimulus by ''translating'' it into a biochemical signal [3, 4] . As a clinical application, targeted load application of specific rate can enhance bone formation and reverse the decreased osteoblastic activity that occurs in many bone diseases. Thus, clinicians could use mechanical stimulation to increase osteoblastogenesis as a non-pharmacological approach in various bone pathophysiologies. For example, osteoporosis, a very common disease in women, is caused by an imbalance between bone formation and resorption, leading to low bone mass and fractures. Current treatment includes administration of drugs such as bisphosphonates, selective estrogen receptor modulators (SERMs), calcitonin, and parathyroid hormone (PTH) analogues [5, 6] . A novel means to decrease or revert bone loss in this condition is to mechanically stimulate the boneforming cells. New physical therapy procedures and strengthening exercises have been introduced in patients with osteoporosis to achieve bone mass gain and reduce the risk of falls and fractures [7] [8] [9] . Overall, the therapeutic value of applying mechanical forces to induce bone formation is of high importance since it provides a possible non-invasive method to treat many skeletal disorders.
The primary aim of our research group over the last years has been the elucidation of molecular mechanisms implicated in mechanical stimulation of human osteoblasts and the identification of specific osteoblastic gene targets. An optimal and highly reproducible experimental in vitro model for application of mechanical stretching in osteoblast-like cells was generated that allowed us to determine the induction of several osteoblastic genes after mechanical stimulation [10] [11] [12] [13] [14] [15] [16] [17] . Amongst them, activator protein-1 (AP-1) and Runx2, the major regulator of osteoblastic differentiation present important targets of mechanical stimulation through activation of the extracellular signalregulated kinase (ERK) mitogen-activated protein kinase (MAPK) [14, 17] . Since Runx2 controls osteoblastic differentiation and the rate of bone formation, identifying stimuli that augment its expression and/or potency in these cells may lead to novel therapeutic treatments of bone loss diseases.
Although several mechanosensitive molecules have been proposed for transmission of mechanical signals into bone cells [such as integrins, G protein-coupled receptors (GPCRs), protein tyrosine kinases and stretch-activated Ca 2 ? channels] [3, 4] , the initial mechanosensing event/ molecule that converts the mechanical cue into a biochemical signal leading to osteoblastogenesis has not yet been identified.
Research evidence from autosomal dominant polycystic kidney disease (ADPKD), caused by mutations in polycystin genes PKD1 (85 % of families) or PKD2 (15 % of families), points towards the role of the proteins encoded by these genes as major mechanosensor molecules [18] [19] [20] . Polycystins (PCs) comprise a family of eight transmembrane proteins with polycystin-1 (PC1) and polycystin-2 (PC2) being the mostly studied in ADPKD. PC1 is a 4,303-amino-acid cell surface-expressed protein that bears a large N-terminal extracellular domain, 11 transmembrane domains and a short *200-amino-acid C-terminal cytoplasmic tail [19] . It interacts with PC2 through a coiled-coil domain in the C-terminal region and forms a Ca 2? -permeable mechanosensitive ion channel. Studies in kidney cells have shown that PC1 might act as a mechanosensor, receiving signals from primary cilia via its extracellular N-terminus, and transducing them into cellular responses that regulate proliferation, adhesion, differentiation, and cell morphology [19, 20] . Compelling evidence exists as to whether PC1-PC2 complex formation is necessary for proper sensing of mechanical stimuli at the primary cilium of renal epithelial cells [20] .
Based on these data, it was conceivable to seek for PC1's presence in (pre) osteoblasts where it may also act as a primary mechanosensor molecule, responding to mechanical stimuli through its N-terminal domain and possibly via complex formation with PC2 to translate them into biochemical events affecting osteoblastogenesis.
Consistent with this hypothesis, two studies by Xiao et al. [21, 22] demonstrated that mouse osteoblasts and osteocytes express transcripts of PC1, PC2, and the ciliary proteins, Tg737 and Kif3a. In addition, homozygous mutant mice for pkd1 demonstrated delayed endochondral and intramembranous bone formation, as well as significant reductions in endogenous Runx2 expression, osteoblastic markers and differentiation capacity ex vivo [21, 22] . Analyses of pkd1-and runx2-II-deficient mice verified the functional linkage between PC1, Runx2-II expression, and skeletal development, and showed that PC1 regulates the osteoblastspecific enhancer element in the runx2-II P1 promoter through intracellular Ca 2? -dependent mechanisms [22] . In accordance, a recent study of mice possessing a conditional deficiency for PC1 in neural crest cells and subsequent analysis of osteoblasts or chondrocytes after midpalatal suture expansion demonstrated an essential role of PC1 in the response of osteochondroprogenitor cells to mechanical stress [23] .
Among the main molecular networks implicated in bone mechanobiology and one of the earliest recorded responses of osteoblast cells to mechanical stimulation is the rapid influx of extracellular and/or the mobilization on intracellular Ca 2? [24] [25] [26] [27] . The cellular target for sustained Ca 2? increases is calcineurin, a ubiquitous serine-threonine phosphatase and its intracellular substrate nuclear factor of activated T-cells (NFAT). The inactive hyperphosphorylated form of NFAT (pNFAT) is localized in the cytosol being dephosphorylated upon calcineurin activation following increased Ca 2? influx. NFAT translocation into the nucleus influences the regulation of target genes, often at composite NFAT/AP-1 elements [28] [29] [30] . Termination of NFAT signaling occurs through rephosphorylation of NFAT by glycogen synthase kinase-3b (GSK-3b) and relocation back to the cytoplasm. The immunosuppressive drugs cyclosporin A (CsA) and FK506 inhibit calcineurin and hence nuclear translocation of NFAT. Activation of calcineurin/NFAT signaling has been shown to control cell differentiation, apoptosis, and cellular adaptation in a wide variety of cell types and tissues, and to regulate the noncanonical Wnt/Ca 2? pathway during embryonic development [30] . It is thus conceivable that the calcineurin/NFAT axis may be activated by mechanical forces exerted upon the cell. Furthermore, regulation of intracellular Ca 2? has been previously associated with the function of PC1 and PC2 [31] . Therefore, it is tempting to speculate that PC1, upon stimulation by mechanical cues, might trigger the calcineurin/NFAT signaling pathway ultimately leading to modulation of NFAT target gene expression.
The purpose of our study was to explore the involvement of PCs in mechanical load (short-term mechanical stretching)-induced signaling cascades that control human osteoblastogenesis/bone formation.
Materials and methods

General
Cell culture media (including fetal bovine serum, FBS) and all tissue culture reagents were obtained from Invitrogen (Carlsbad, CA, USA). The MDCK-PKD1 stable cell line and the anti-CT rabbit polyclonal antibody were kindly provided by Dr. G.G. Germino [32] . The inhibitory anti-Ig-PKD1 antibody was a kind gift from Dr. O. IbraghimovBeskrovnaya (Genzyme, Cambridge, MA, USA) [33, 34] .
Antibodies against PC1 (sc-130554), PC2 (sc-28331), pERK1/2 (sc-7383; reactive with phosphorylated ERK1 and ERK2), and pNFATc1 (sc-32979) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The mouse monoclonal NFATc1 antibody was obtained from BD Biosciences (BD-556602, Franklin Lakes, NJ, USA) and the mouse monoclonal actin antibody was purchased from Millipore (MAB-1501, Bedford, MA, USA). The secondary antibodies used for Western immunoblotting were purchased from Thermo Scientific (Ontario, Canada) and Millipore (Bedford, MA, USA) (goat anti-mouse 31430 and goat anti-rabbit AP132P, respectively) and those used for immunofluorescence [goat anti-rabbit (sc-2780) and goat anti-mouse (sc-2010)] were from Santa Cruz Biotechnology. The calcineurin inhibitor CsA and DAPI were from Sigma-Aldrich Chemie (Germany). The oligonucleotides were custom ordered from Invitrogen. The NFATc1-TransAm kit was purchased from Active Motif (Carlsbad, CA, USA). The iScript cDNA synthesis kit was from Bio-Rad (170-890, Hercules, CA, USA) and the RT-PCR reagents were all purchased from Fermentas (Maxima RT EP0741, Hot Start Green PCR Master Mix K1069, Ontario, Canada). Finally, all FACS reagents were from BD Biosciences (Franklin Lakes, NJ, USA) and the FACS Calibur (BD Biosciences) was used for analysis.
Cell cultures
Human PDL fibroblasts were obtained from explant cultures of PDL tissues as detailed previously [10, 14] . Human PDL cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % FBS; all experiments were carried out with cells from the third to the sixth passage after being checked for their osteoblastic characteristics.
Mechanical stretch of cultured hPDL cells and preparation of cell extracts Approximately 4 9 10 5 cells were seeded onto 50 mm dishes with a flexible, hydrophilic growth surface (SAR-STEDT, Germany) and cultivated until they reached complete confluence. The medium was then changed to Dulbecco's modified Eagle's medium supplemented with 0.1 % FBS, to remain quiescent. Twenty-four hours later, the hPDL cell cultures were stretched continuously for 30, 60, and 360 min using the stretching apparatus, as described previously [10] [11] [12] [13] [14] . This stretching system allows mechanical stimulation of hPDL cells to be quantitated by calculating the percent expansion of the membrane at the bottom surface of the culture dishes using a specific formula previously described [10, 13, 15, 16] . The percentage of stretch applied to hPDL cells in our study was 2.5 %, an amount that closely resembles the strain forces exerted on PDL cells in vivo [10, 12] .
Control (unstretched) cultures were incubated under the same conditions for the maximum period of stretch application. Cells were treated with the inhibitors (CsA, anti-Ig-PKD1 antibody) for 3 h prior to stretching in starvation medium (CsA: 5 lg/ml working solution, inhibitory antiIg-PKD1 antibody: 1:50 dilution).
After stretch application, cells were washed with icecold phosphate-buffered saline and whole-cell or nuclear lysates were obtained as follows. Total cell extracts were prepared in SDS sample buffer as described [35] [36] [37] . Nuclear extracts were prepared according to Schreiber et al. [36] except that the nuclear pellet was extracted with 20 mM HEPES-NaOH, pH 7.5, 20 % glycerol, 0.38 M NaCl, 2 mM MgCl 2 , 10 mM NaF, 10 mM [Na 2 ]-b-glycerophosphate, 10 mM [Na2] p-nitrophenyl phosphate, 0.1 mM Na 3 VO 4 , 2 mM phenylmethylsulfonyl fluoride, 5 lg/ml aprotinin, 2 lg/ml pepstatin, 2 lg/ml leupeptin, and 2 mM dithiothreitol. All protein extracts were aliquoted and stored at -80°C until use.
Western immunoblotting
Protein extracts were resolved on SDS polyacrylamide gels followed by electrotransfer onto polyvinylidene fluoride membranes (Amersham Biosciences, Germany). For PC1, proteins were run on a 6 % gel, for PC2 on a 10 % gel, and for pERK1/2 and actin on a 15 % gel. Membranes were blocked for 1 h at room temperature with 5 % milk in Trisbuffered saline with Tween (TBST; 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1 % Tween 20) and probed with the primary antibody overnight at 4°C. After incubation with a horseradish peroxidase-conjugated secondary antibody (Sigma-Aldrich, Germany), immunoreactive bands were visualized by the enhanced chemiluminescence (ECL) kit (Amersham Biosciences, Germany).
The primary antibodies were used in the following dilutions: anti-CT (1:5,000), anti-PC2 (1:250), antipERK1/2 (1:500), anti-actin (1:5,000). Both secondary antibodies (goat anti-mouse IgG, goat anti-rabbit IgG) were used at a 1:2,500 dilution.
RNA isolation and RT-PCR analysis
Human PDL cells were serum-deprived in medium containing 0.1 % FBS for 24 h and exposed to mechanical stretch for 1/2, 1, and 6 h, as well as treated with CsA or inhibitory anti-Ig-PKD1 antibody. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturers' instructions and cDNA was synthesized using the Fermentas Reverse Transcriptase (Maxima RT, EP0741, Fermentas, Ontario, Canada).
RT-PCR analysis was performed for human pkd1, pkd2, and runx2 using the Maxima Hot Start Green PCR Master Mix (K1069, Fermentas, Ontario, Canada) based on the manufacturers' instructions. Primers used were:
• and for human runx2: forward, 5
The semi-quantitative PCR approach was performed in parallel by assaying human actin mRNA levels as a reference gene, as described previously [38] .
PCR for each gene was performed as follows: for pkd1: 35 cycles and 58°C annealing; for pkd2: 30 cycles and 53°C annealing; for runx2: 32 cycles and 59°C annealing; and for actin: 28 cycles and 57°C annealing. Reaction products were confirmed on a 2 % agarose gel with size markers (New England Biolabs, MA, USA) and stained with ethidium bromide. The intensity of density area was analyzed using the Quantity-One Programme (Bio-Rad, Hercules, CA, USA). The final PCR product was expressed as the ratio to actin used for scanning analysis.
Immunofluorescence imaging
Seeded hPDL cells on cover slips (10 9 10 mm) in a 24-well plate were grown in DMEM ? 10 % to overconfluency and then starved with 0.1 % FBS for 24 h. Cells were fixed for 15 min in a 3.7 % paraformaldehyde solution, washed three times with PBST (0.05 % Tween-20 in PBS) and blocked with 5 % BSA in PBST at room temperature for 1 h. The cells were then incubated with the primary antibodies at a 1:50 dilution for 1 h in PBST?BSA. They were then washed three times in PBST and incubated with the secondary antibodies for 1 h (1:500). Following three washes with PBST, cells were stained with 0.2 lg/ml DAPI in PBS for 1 min and then washed three times in PBS. Cells were mounted in MOWIOL Reagent (Calbiochem, Germany) on glass slides. The slides were examined using a Leica TCS-SPS confocal microscope. Sequential scanning between channels was used to separate fluorescence emission from different fluorochromes and to completely eliminate bleed-through between channels. Typically, 9-15 confocal sections from three independent experiments were quantified with Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA).
Flow cytometry analysis
Human PDL cells were treated as described in previous sections and exposed to mechanical stretch. After the set time points, cells were harvested and fixed with 1 % paraformaldehyde for 15 min at room temperature. After washing with PBS and blocking for 20 min with 5 % BSA in PBST (0.01 % Tween-20 in PBST), samples were further incubated with the secondary antibody for another hour at room temperature (1:250). Finally, cells were washed twice with PBST and twice with PBS, resuspended in PBS, and subjected to analysis. A total of 10,000 events were analyzed per sample. All antibody incubations were performed at room temperature. Flow cytometry analyses were performed in a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
TransAM
Nuclear extraction was performed as described previously [36] . Five micrograms of nuclear extract was tested for NFATc1 DNA-binding activity by using TransAM NFATc1 kit, using a wild-type sequence (5 0 -T/AGGAAA-3 0 ) and a specific NFATc1 antibody, according to the manufacturers' instructions (Active Motif, Carlsbad, CA, USA). The results (optical density measured at 450 nm) were expressed as percentage increase over basal (untreated cells).
Image and data analysis
For densitometry quantification analysis, three independent Western-blot and PCR results were analyzed using the Quantity One Programme (Bio-Rad, Hercules, CA, USA). Statistical analysis was performed using the SPSS V16.0. Differences between two groups were assessed using analysis of variances followed by a Student's t test (*p \ 0.05, n.s. not significant).
Results
Detection of PC1 and PC2 protein expression in human osteoblastic cells
In order to detect PC1 and PC2 expression in osteoblastic cells, we used primary cultures of fibroblasts isolated from human periodontium with well-established osteoblast-like properties, as verified by the intense immunohistochemical staining for alkaline phosphatase and vimentin, a highly reliable marker of cells originating from the mesenchyme (data not shown) [10] [11] [12] [13] [14] .
Evidence regarding PCs presence in osteoblasts is rather limited, with only two recent studies demonstrating the presence of PC1-PC2 complex in mouse osteoblasts and osteocytes, further suggesting a possible functional role of PC1 in anabolic signaling of these cells [21, 22] . Inspired by this observation, we sought to determine whether PCs are expressed in human osteoblast-like cells such as periodontal ligament fibroblasts (hPDL cells). Employing immunofluorescence and confocal microscopy, we demonstrated that confluent hPDL cell cultures express both PC1 and PC2 proteins (Fig. 1A, B) . For PC1, we used two different antibodies against different epitopes of the protein; a polyclonal antibody against the entire protein (Fig. 1Aa) and a monoclonal antibody against the N-terminal part (Fig. 1Ab) . Furthermore, by Western immunoblotting we detected protein expression of both PC1 and PC2 in confluent hPDL cells and positive control cells (Fig. 1C, D) . A stably transfected for PC1 MDCK cell line (MDCK-PKD1) previously characterized by Qian et al. [32] was used as a positive control for the aforementioned experiments. Subsequently, the expression of PCs in quiescent hPDL confluent cell cultures was also demonstrated by using flow cytometric analysis (Fig. 1E, F) .
Expression levels of PC1 and PC2 after mechanical stretching of human osteoblastic cells Previous mechanotransduction studies in our laboratory and others have shown that hPDL cells respond to mechanical stretch and several molecules have been proposed as mechanosensors in bone cells [10] [11] [12] [13] [14] 17] . Moreover, PC1 has been attributed a mechanosensor function in the kidney cell line, HEK293T [31] . Consistently, we investigated whether PCs expression in hPDL cells may be affected by mechanical stretching both at mRNA and/or protein level. To address this question, a previously established in vitro system for application of calibrated low-level continuous mechanical stretch in cultured cells was used [10-13, 15, 16] . Confluent hPDL cell cultures grown on Flexi-Perm tissue culture plates were incubated overnight with starvation medium and then subjected to continuous mechanical stretching for various time points, as described in the Materials and methods section. In order to verify the response of hPDL cells to mechanical stretch, the kinetics of ERK1/2 activation [phosphorylated (p) ERK1/2] in hPDL cell protein lysates were monitored by Western immunoblotting and compared to quiescent lysates at different time points (Fig. 2A ) [13, 14] .
Total RNA was also isolated from hPDL cells mechanically stretched for different time points (0-6 h) and subjected to RT-PCR analysis. As depicted in Fig. 2Ba , Ca, unstretched cells and cells after continuously applied mechanical load for various time points exhibited marginally equal levels of pkd1 and pkd2 mRNA. Total RNA isolated from the MDCK-PKD1 stably transfected cell line was used as positive control.
To verify the above result, similar stretching experiments using hPDL cell lysates were analyzed by Western immunoblotting using specific antibodies against PC1 and PC2, respectively (Fig. 2Bb, Cb) . Densitometric analysis data revealed that PC1 (Fig. 2Bc) and PC2 (Fig. 2Cc ) expression levels were not altered significantly after exposure of cells to mechanical load.
Mechanical stretching activates the calcineurin/NFAT signaling pathway in human osteoblastic cells via PC1 Previous work in HEK293T cells indicated that PC1 signaling leads to activation of the calcineurin/NFAT axis [31] . To determine potential interplay between mechanotransduction and PC1 modulation of Ca 2? influx, we investigated variation in PC1, NFAT and pNFAT expression levels after mechanical stretching of hPDL cells. Specifically, PC1-mediated dephosphorylation and nuclear translocation of NFAT following mechanical stimulation was monitored using FACS analysis and the relative expression levels of PC1 (Fig. 3Aa) , NFAT (Fig. 3Ab) , and pNFAT (Fig. 3Ac ) in extracts from quiescent and mechanically stretched cells were assayed (Fig. 3B-D) . PC1 levels remained equally elevated at all time points during mechanical stretching (Fig. 3Ba) , whereas NFATc1 increased at 1/2 h and 1 h and returned to normal levels at 6 h (Fig. 3Bb) . Inversely, pNFATc1 decreased at 1/2 h and 1 h and increased again at 6 h (Fig. 3Bc ). These data demonstrate that mechanical load can induce PC1-mediated activation of the calcineurin/NFAT signaling pathway.
In order to validate our results, cells were treated with a well-known specific inhibitor of the calcineurin/NFAT pathway. CsA has been shown to inhibit calcineurin and its substrate NFAT in bone cells in a dose-dependent manner [39] . In accordance with the activation mechanism of NFAT, stretching for 1/2 h of cultured hPDL cells pretreated with CsA abrogated the observed decrease in the abundance of the cytoplasmic pNFATc1 species (Fig. 3Cc) . CsA treatment of hPDL cells did not seem to have an effect on PC1 expression, but did in fact reverse the effect of NFAT activation (Fig. 3Cb) .
We next pre-treated mechanically stretched hPDL cells with anti-Ig-PKD, a previously characterized PC1 inhibitory antibody [33] , and again we noticed significant abrogation of the observed increase in NFAT levels (Fig. 3D) . As shown in Fig. 3Da , the anti-Ig-PKD1 antibody inhibited significantly PC1 expression. To summarize, Fig. 3E displays quantitation graphs from NFAT and Fig. 1 (A and B) Immunofluorescent images showing expression levels of PC1 and PC2 in human PDL (hPDL) cells. Cells were grown to over-confluency on glass cover slips, starved for 24 h and fixed with 3.7 % PFA. Anti-CT, a polyclonal antibody against PC1 and DAPI stain was used (Aa) as well as a commercially available monoclonal anti-PC1 antibody (scale bar 20 lm) (Ab). Human PDL cells were immunostained with an anti-PC2 antibody as described in the Materials and methods section, as well as with phalloidin stain (scale bar 20 lm) (Ba and Bb). C, D Western immunoblotting showing PC1 and PC2 protein levels in hPDL and MDCK-PKD1 (positive control) cells. Whole-cell protein extracts were isolated as described in the Materials and methods section. An amount of 10-20 lg of protein samples were analyzed on an SDS-polyacrylamide gel (6 % for PC1, 10 % for PC2). Membranes were blotted with anti-CT (1:5000) for PC1 protein detection (lane 1: hPDL cells, lane 2: MDCK-PKD1 cells). Arrows indicate the various detectable forms of PC1 (full length at *450 kD, N-terminal at *325 kD and C-terminal at *150 kD) (C). Membranes were blotted with anti-PC2 antibody (lane 1: hPDL cells, lane 2: MDCK cells) and PC2 protein was detected at *110-130 kD (D). E, F Flow cytometric analyses indicating basal expression levels of PC1 and PC2 proteins in hPDL cells. Cells were grown to over-confluency and treated for FACS analysis as described in the Materials and methods section. Cell extracts were incubated for 1 h at room temperature with anti-PC1 (E) and anti-PC2 (F) primary antibodies at a dilution of 1:50, followed by a FITC-conjugated secondary antibody (Green: isotype control, purple: PC1/PC2-FITC) pNFAT expression levels following the aforementioned treatments. At the 1/2 h stretching time point, the percent increase in NFAT is analogous to the percent decrease in pNFAT expression levels, with a statistical significance (p \ 0.05). Also, the small percent changes in NFAT and pNFAT expression levels in the experiments with either CsA or anti-Ig-PKD1 treatments were not statistically significant (p value n.s.).
PC1-mediated activation of the calcineurin/NFAT signaling pathway in human osteoblastic cells is mechanical stretch-dependent To determine whether PC1-mediated activation of the calcineurin/NFAT signaling pathway is directly dependent on mechanical stretch, we examined if inhibition of PC1 affects the equilibrium of NFAT/pNFAT expression levels in hPDL cells, in the absence of mechanical stimulation. We used FACS analysis to compare baseline expression levels of NFAT and pNFAT in hPDL cells to cells pretreated with the PC1 inhibitory antibody. Indeed, the shift in fluorescence intensity indicating baseline PC1expression levels (Fig. 4Aa) was significantly reduced (p \ 0.05 ) when cells were pre-incubated with the anti-IgPKD antibody (Fig. 4Ba) . Additionally, NFAT and pNFAT expression levels displayed no difference between the quiescent untreated (Fig. 4Ab, Ac) and anti-Ig-PKD1-treated cells (Fig. 4Bb, Bc) in the absence of mechanical stretching (p value n.s.). This result suggests that the mechanical load stimulus is needed in order for PC1 to activate the calcineurin/NFAT signaling pathway.
Mechanical stretching induces activation of the NFAT transcription factor in human osteoblastic cells
To further investigate the specific activation of NFAT transcription factor under conditions of mechanical load applied to hPDL cells, the TransAM NFAT cell-based assay was employed. The TransAM methodology allows sensitive, non-radioactive determination of specific transcription factor activation in mammalian tissues and cell extracts (Fig. 5A) .
Following the same conditions of mechanical stretching previously applied for FACS analysis (Fig. 3) , untreated Fig. 2 Effect of mechanical stretching on protein and mRNA PC1 and PC2 expression levels at different time points. A Effect of mechanical stretching on pERK1/2 protein levels (Aa) and corresponding densitometric analysis (Ab). B PC1 mRNA levels (Ba), protein levels (Bb) and densitometric analysis of Western-blot results (Bc). C PC2 mRNA levels (Ca) protein levels (Cb) and densitometric analysis of Western-blot results (Cc). Human PDL cells were grown to confluency, subjected to mechanical stretching for different time points (0-6 h) and isolated either for PCR or Western-blot analyses as described in the Materials and methods section. For both, methods, actin was used as the reference gene for quantification. Expected protein sizes are as follows: pERK1/2: 42-44 kD, actin: 42 kD, PC1: *450 kD and PC2: 110-130 kD. Expected PCR product sizes are as follows: human pkd1: 260 bp, human pkd2: 149 bp and human actin: 500 bp Fig. 3 Flow cytometry analyses of baseline expression levels of PC1 (Aa), NFAT (Ab), and pNFAT (Ac). Green depicts the isotype control and purple the respective protein expression. B-D Human PDL cells were grown to over-confluency in Lumon dishes, followed by overnight starvation (DMEM ? 0.1 % FBS), treated as need with inhibitors, subjected to mechanical stretching and collected for FACS analysis. FACS of differences in expression levels of PC1, NFAT and pNFAT after mechanical stretching in untreated cells (B), stretching with CsA treatment (5 lg/ml for 3 h in starvation medium) (C) and stretching with inhibitory anti-Ig-PKD1 treatment (1:50 dilution for 3 h in starvation medium) (D). Ten thousand events were analyzed per sample. Green line: negative isotype control; pink line: protein expression at 1/2 h time point; blue line: protein expression at 1 h time point; purple line: protein expression at 6 h time point. E Quantitative estimation of NFAT and pNFAT expression levels following the above treatments. In the graphs, depicted with green color is the pNFAT expression levels and with orange color is the NFAT expression levels. Results display data from one representative experiment, repeated at least three independent times under the same conditions for statistical analysis (*p \ 0.05) and pre-treated with either CsA or the anti-Ig-PKD1 antibody hPDL cells were subjected to mechanical stretch for set time points. Cells were collected and nuclear extracts isolated for assaying NFAT activity following mechanostimulation. Indeed, our data revealed a statistically significant activation (p \ 0.05) of NFAT in nuclear extracts from hPDL cells after 1/2 h of mechanical stretch (Fig. 5B, C) . This activation gradually decreased at the 1-and 6-h time points. Furthermore, pre-treatment of cells with the two inhibitory agents (CsA and anti-Ig-PKD1) partially inhibited this activation. This finding demonstrates the PC1-triggered activation of NFAT after mechanical stretching of hPDL cells.
Modulation of runx2 gene expression by PC1-mediated mechanical stimulation of human osteoblastic cells Previous work in our laboratory has shown that exposure of hPDL cells to short-term mechanical stretch affects osteoblastic gene expression and specifically runx2 mRNA and protein expression levels [14, 17] . Consequently, we asked whether PC1-mediated mechanical stimulation can potentially influence runx2 transcription. Based on computational analysis (Genomatix, TFSEARCH) and recent Ref. [40] putative NFATc1-binding sites (5 0 -GGAAA-3 0 ) are present in the 5 0 regulatory region of the runx2 promoter near the transcription start site, and in proximity with the Runx2-binding motifs previously studied in our laboratory [14] . To this end, untreated hPDL cells (Fig. 6A) and cells pre-treated with the inhibitory anti-Ig-PKD1 antibody (Fig. 6B) were subjected to mechanical stretch at different time points (0-6 h) and total RNA was isolated. As depicted in Fig. 6A , unstretched cells (0 h time point) exhibit low levels of runx2 mRNA. These levels are increased by greater than twofold after 1/2 h of continuously applied mechanical load and remain elevated until 6 h (Fig. 6A) . By contrast, mechanically stretched hPDL cells pre-incubated with the PC1 inhibitory antibody continued to exhibit low levels of runx2 mRNA at the 1/2 h time point with a slight increase thereafter (Fig. 6B ). These results demonstrate that in hPDL cells, PC1-mediated mechanostimulation induces the expression of the osteoblast-specific transcriptional regulator Runx2.
Discussion
Osteoblasts are key components of the bone multicellular unit and have a seminal role in bone program, the skeleton's essential function for the maintenance of its structural integrity and metabolic capacity. The coordinated function of these skeletal effector cells is regulated by a number of hormones, growth factors, and mechanical cues that act via interconnected signaling networks. Mechanical signals, in the form of fluid flow stress and compressive force, induce anabolic response of bone cells and this is of pivotal importance in the field of biomechanics for the treatment of osteodegenerative diseases. Here we investigated (and introduce for the first time) an important role of PC1 as a mechanosensor molecule in human osteoblastic cells, capable of modulating intracellular signaling pathways culminating to regulation of osteoblast differentiation and ultimately bone formation.
PCs have been previously attributed a mechanosensor role in kidney cells where experimental data have shown PC1's reception of signals from primary cilia through its N-terminus and subsequent transduction into cellular responses regulating proliferation, adhesion, differentiation, and cell morphology [19, [24] [25] [26] [27] . Studies in renal epithelial cells provide compelling evidence on the necessity of PC2's presence and complex formation with PC1 located at the primary cilium of the cell for mechanosensation properties [27] .
PCs presence in human osteoblasts is documented for the first time in the present study being consistent with the limited evidence that exists for mouse chondrocytes, osteocytes, and osteoblasts, where a link between PC1 and osteoblast differentiation and bone development is suggested [21] [22] [23] . Our data demonstrate the expression of both PCs at the mRNA as well as the protein level in primary osteoblast-like cell cultures.
Furthermore, we provide evidence for a novel role of PC1 in responding to mechanical load applied to bone cells. Using an optimal tissue culture system and a highly efficient method of applying short-term mechanical stretching on osteoblast-like cells, previously established in our laboratory, we demonstrate PC1 and PC2 expression (both at mRNA and protein level) in hPDL cells subjected to mechanical stretch for various time points. This finding is in accordance with other studies reporting the ability of alternative types of mechanical force (with different magnitude, frequency, and duration) to stimulate a mechanosensor molecule such as PC1 and regulate skeletal tissue homeostasis [23, 27, 41] . Indeed, previous work from our group has shown that low-level continuous mechanical strain of hPDL cells rapidly induces the principal constituents of the transcription factor AP-1 via ERK/c-Jun N-terminal kinase (JNK) signaling, enhancing its DNA-binding activity on osteoblast-specific genes such as runx2, hence modulating their expression rate [14, 17] . These data provided an important molecular link between mechanotransduction and bone-specific transcription factor function in human osteoblasts [13, 14] . Moreover, they urged us to search for novel intracellular molecules and associated signaling pathways that can be affected by mechanical stimuli and ultimately direct bone cell differentiation. Recent work by Xiao et al. [21, 22] applied mouse genetic approaches to create combined PC1 and Runx2-II-deficient mice in order to demonstrate a functional linkage between PC1, Runx2-II expression and skeletal development in vivo. Their findings suggested that PC1 can act as a potential regulator of skeletal development through the selective regulation of Runx2-II [21, 22] . In accordance to these data, our study revealed modulation of runx2 gene expression by PC1-mediated mechanical stimulation. mRNA analysis of mechanically stretched hPDL cells in the presence or absence of a PC1-specific inhibitor unveiled a link between PC1 and runx2 expression levels.
Searching for the signaling pathway that may link PCs induction after mechanical stimulation with runx2 activation in osteoblastic cells, we were directed towards the calcineurin/NFAT pathway since this is a vital signal transduction cascade implicated in the control of cell differentiation, apoptosis, and cellular adaptation in a broad gamut of cell types and tissues [28] [29] [30] . Therefore, it was rational to investigate the possible activation of calcineurin/NFAT axis by mechanical forces exerted upon the cell. In addition, regulation of intracellular Ca 2? has been previously associated with the function of PC1 and PC2 [24-27, 31, 42] . It was thus suggested that PC1, upon stimulation by a mechanical stimulus, might potentiate the calcineurin/NFAT signaling pathway ultimately leading to modulation of NFAT target genes activity. Indeed, our data showed that even though PC1 levels remained equally elevated during mechanical stretching, NFATc1 increased at 1/2 and 1 h and returned to normal levels at 6 h. Inversely, pNFATc1 decreased at 1/2 and 1 h and increased again at 6 h. To further strengthen this observation, we treated mechanically stretched cells with either an inhibitor of the calcineurin/NFAT pathway (CsA), or an inhibitor of PC1 (anti-Ig-PKD antibody). In both cases, the effect on the NFAT/pNFAT levels was reversed, demonstrating that mechanical stretch can induce PC1-mediated activation of the calcineurin/NFAT signaling pathway. This observation is in accordance with the study of Puri et al. [31] where it was demonstrated that the C-tail of PC1 can activate the calcineurin/NFAT signaling pathway based on in vitro data from HEK293T cells. Therefore, our study is the first to are being designed to investigate whether and to what extend PC2 contributes to the observed NFAT activation.
Taken together, our results can be integrated into a schematic model that links PC1 to induction of human osteoblastic gene expression via potentiation of the calcineurin/NFAT signaling axis under mechanical stimulation (Fig. 7) . According to this model, the extracellular N-terminal part of PC1 acts as a mechanosensor that responds to Fig. 7 Schematic representation of the proposed crosstalk between PC1 and calcineurin/NFAT signaling in hPDL cells under mechanical stimulation. The extracellular N-terminal part of PC1 acts as a mechanosensor that responds to the external mechanical stimulus applied onto the cell. As a result, PC1 activates the calcineurin (CN)/ NFAT pathway by allowing the dephosphorylation of NFAT [42] . Activation of the NFAT pathway may possibly involve interaction and complex formation between PC1 and PC2 (depicted as green shadow), requiring, however, further experimental verification (red question mark). The active form of NFAT then translocates to the nucleus were it can modulate runx2 gene expression, a crucial osteoblastic gene that influences osteoblast differentiation. Putative NFAT-binding sites in the runx2 promoter based on literature [40] and computational analysis are shown. PC1: petrol blue; PC2: green shadow; mechanical stimulus: orange lightning; pNFAT (phosphorylated, inactive form): purple oval with attached red circle indicating phosphate group; NFAT (dephosphorylated, active form): purple oval; runx2 promoter: black line with purple rectangles demarcating putative NFAT-binding sites the external mechanical signal applied on the cell by activating the calcineurin/NFAT pathway via dephosphorylation of NFAT. The active form of NFAT is then translocated to the nucleus were it can modulate runx2 gene expression [40] .
In conclusion, our study uncovers an important role of PC1 as a key molecule that can sense environmental cues such as mechanical strain and regulate signaling pathways leading to modulation of osteoblastic gene expression and control of differentiation and bone program.
